We present a tight-binding model which goes beyond the traditional two-center approximation and allows the hopping parameters and the repulsive energy to be dependent on the binding environment. Using carbon as an example, we show that the approach improves remarkably the transferability of the tight-binding model. The properties of the higher-coordinated metallic structures are well described by the model in addition to those of the lower-coordinated covalent structures.
Tight-binding molecular dynamics ͑TBMD͒ has recently been emerging as a useful and powerful scheme for atomistic simulation study of structural, dynamical, and electronic properties of realistic materials. 1 The advantages of TBMD are that it includes explicit quantum-mechanical calculations into molecular dynamics and it is much faster than ab initio methods. The scheme becomes even more attractive and promising due to recent developments in order-N algorithms for electronic calculation and the use of parallel computers. [2] [3] [4] [5] Nevertheless, generating accurate and transferable tight-binding models for molecular dynamics simulation of realistic materials is still a very challenging task. In the last several years, a lot of effort has been devoted to the development of transferable tight-binding potentials. [6] [7] [8] [9] [10] [11] [12] [13] [14] Results from these studies indicated that the tight-binding approach is quite successful for strongly bonded covalent systems such as carbon and silicon. However, even for these systems, the accuracy of existing models for the highercoordinated metallic structures ͑e.g., simple-cubic, ␤-tin, bcc, and fcc structures͒ are still far from satisfactory. 1 We note that previous work on tight-binding potentials almost invariably adopts the two-center approximation for the hopping integrals. 15 While the two-center approximation greatly simplifies the TB parametrization, neglecting multicenter interactions is justified only when the electrons are well localized in strong covalent bonds. For systems where metallic effects are significant, the two-center approximation is inadequate. In order to generate a tight-binding model that has good transferability over a wide range of coordination numbers, one can include multicenter interactions by allowing the interatomic interactions to depend on the binding environment.
In this paper, we present an approach that goes beyond traditional two-center approximations and allows the tightbinding parameters and the repulsive potential to be dependent on the bonding environment. We tested this model for the case of carbon and show that, in contrast to previous two-center models, the new approach describes properly the higher-coordinated metallic structures in addition to the diamond, graphite, and linear chain structures.
In this approach, the environment dependence of the hopping parameters is modeled through incorporating two new scaling functions into the traditional two-center integrals. The first one is a screening function, which mimics the electronic screening effects in solids such that the interaction strength between two atoms in the solid becomes weaker if there are intervening atoms located between them. This approach allows us to distinguish between first-and fartherneighbor interactions within the same interaction potential without having to specify separate interactions for first and second neighbors. The second function scales the distance between two atoms according to their effective coordination numbers. Longer effective bond lengths are assumed for higher-coordinated atoms. The strength of the hopping pa- rameters between atoms i and j is therefore dependent on the coordination number of the atoms: weaker interaction strength for larger-coordinated structures. This model preserves the two-center form of the tight-binding hopping integral while taking multicenter effects into account. We use a minimal basis set of one s and three p atomic orbitals to construct the tight-binding Hamiltonian for carbon with the hopping parameters and the pairwise repulsive potential expressed as
In this expression, h(r i j ) denotes the possible types of interatomic hopping integrals, V ss , V sp , V pp , V pp , or pairwise repulsive potential (r i j ) between atoms i and j. r i j is the real distance and R i j is the scaled distance between atoms i and j ͓see Eq. ͑4͔͒. S i j is a screening function. The parameters ␣ 1 , ␣ 2 , ␣ 3 , and ␣ 4 and parameters for the scaling function R i j and the screening function S i j can be different for different hopping integrals and pairwise repulsive potential. These parameters will be determined in the fitting procedure. In general, we require that S i j is near 0 if i and j are nearest-neighbor atoms, and close to 1 otherwise so that nearest-neighbor interactions dominate. Note that expression ͑1͒ reduces to the traditional two-center form if we set R i j ϭ r i j and S i j ϭ0.
The screening function is modeled as
where ␤ 1 , ␤ 2 , and ␤ 3 are screening parameters. Note that i j depends not only on the distance between atoms i and j, but also on the positions of the neighbors of atoms i and j. The maximum screening effect occurs when the atom l is just sitting on the line connecting the atoms i and j (r il ϩr l j is minimum͒. The screening function decays rapidly when the neighboring atoms move away from the line joining atoms i and j. The screening function varies smoothly from 0 to near 1 as is increased.
The scaling between the real and effective interatomic distance is defined by 
where g i and g j are the effective coordination numbers of atoms i and j, and g 0 denotes the coordination number for a reference atom in a reference structure. We will use the diamond structure as the reference structure for group IV elements.
The effective coordination number is given by
where S i j is also in the form of the screening function defined above ͑but with different parameters͒. Note that when i and j are nearest-neighbor atoms, S i j is close to 0 and g i counts almost one neighbor. On the other hand, S i j is close to 1 if i and j are not nearest-neighbor atoms, so that g i counts only a small fraction of a neighbor. g i defined as ͑5͒ thus provides a continuous and smooth function for counting the neighbors. In this paper, the parameters for S i j in Eq. ͑5͒ are chosen before the band structures and binding energies are fitted. These parameters are ␤ 1 ϭ2.0, ␤ 2 ϭ0.0478, and ␤ 3 ϭ7.16. Using these parameters, g i are calculated to be 2.08639, 3.17678, 4.41022, 6.23620, 10.38529, and 11.89829 for the linear-chain, graphite, diamond, simplecubic, bcc, and fcc structures, respectively. These values give a reasonable representation of the effective coordinations in these structures. Besides the hopping parameters, the diagonal matrix elements in this model are also dependent on the bonding environments. The expression for the diagonal matrix elements is
where ⌬e (r i j ) takes the same expression as Eq. ͑1͒ and denotes the two types of orbitals (s or p͒. e s,0 and e p,0 are chosen to be Ϫ6.041 and 1.024 eV, respectively. Finally, we express the repulsive energy term in a functional form as in the previous tight-binding model for carbon developed by Xu et al., 9 that is,
where (r i j ) is a pairwise potential between atoms i and j and f is a functional expressed as a fourth-order polynomial with argument xϭ͚ j (r i j ), i.e., f (x)ϭ ͚ nϭ0 nϭ4 c n x n . The parameters in the model are determined by first fitting to the electronic band structures and then the cohesive energy versus volume curves for linear chain, graphite, diamond, simple cubic, bcc, and fcc structures, respectively obtained from the self-consistent first-principles densityfunctional calculations. The local density functional calculations were performed using the Ceperly-Alder local exchange-correlation energy as parametrized by Perdew and Zunger, 16 gradient corrections for the exchange-correlation energy were also included following the generalized gradient approximation proposed by Perdew and Wang. 17 The electronic wave functions were expanded in a mixed basis set containing plane waves up to an energy cutoff of 25 Ry and 4 localized orbitals per carbon atom. The sampling grid for Brillouin zone integration of the total-energy and electronic charge calculations contains 60, 90, 50, 165, 165, and 146 k points, respectively, for the diamond, graphite, linear chain, and the simple cubic, bcc, and fcc structures.
The fitting is performed with heavier weight on the lowerenergy diamond, graphite, and linear chain structures ͑about 10 times the weight for bcc and fcc structures͒. Because the use of a minimal basis set is inadequate for describing the higher-energy bands, we focus our fitting on the occupied energy bands and some states above but near the Fermi level. Additional checks have also been made to ensure that the model gives reasonable results for the elastic moduli and phonon frequencies in the diamond and graphite structures. The parameters obtained from such fitting are listed in Tables  I and II. In Fig. 1 , the band structures obtained from the present model for carbon are compared with the first-principles calculation results. The tight-binding model reproduces very well the occupied bands for carbon crystalline structures with coordination numbers varying from 2 ͑linear chain͒ to 12 ͑fcc͒. The lower part of the conduction bands in simplecubic, bcc, and fcc structures and the band gap in the diamond structure are also fairly well described. Due to the absence of higher-energy orbitals in the basis set, our model does not have a good fit to the conduction bands of the three lower-coordinated covalent structures. However, a good description of the occupied energy bands should be adequate for studying the total energies and structural properties of condensed phases.
The binding energies as a function of nearest-neighbor distance for carbon in different crystalline structures are presented in Fig. 2͑a͒ . Results from the previous tight-binding model of Xu et al. 9 using the two-center approximation is also shown in Fig. 2͑b͒ for the purpose of comparison. It is clear that the present tight-binding model improves significantly the transferability of the model to describe the energies of the metallic structures. The model also describes accurately the binding energy of the hexagonal diamond structure, which is about 0.2 eV/atom higher than that of cubic diamond.
We have also calculated some phonon frequencies and elastic constants for diamond and graphite structures. The results are listed in Tables III and IV in comparison with the results of previous TB models and experimental values. The results also show overall improvements over the previous model using the two-center approximation. In particular, the elastic constants of diamond obtained from the present model are in much better agreement with the experimental data. The vibration frequencies calculated at zero temperature are slightly higher than the experiment values. Since the experimental values are obtained at room temperature, we believe that the vibration frequencies from the present tightbinding model should be in even better agreement with experiments if one takes into account temperature effects.
In summary, we show in this paper an empirical scheme to incorporate environment dependence of interactions into the tight-binding model. We demonstrated that the inclusion of three-center interactions into the tight-binding model improves the transferability of the model to describe the higher coordinated metallic structures. This approach is very successful in describing the band structures, banding energies, and elastic and vibrational properties of carbon structures with coordination numbers ranging from 2 to 12. We anticipate that it will improve the transferabilities of the tightbinding models for silicon, germanium, and transition-metal elements.
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